The rapid development of additive manufacturing of cementitious materials has enabled the emergence of a new design paradigm, namely functional grading of material properties by location. Target performance parameters could be material weight and insulation value or (particularly important) ductility. A generic concept to achieve this, is through the selective addition of fibres or aggregates. In 3D concrete printing (3DCP), this concept can be developed into two strategies: by adding particles (i) to the bulk mixture through a second stage mixing process at the printer head (Simultaneous Process, SP), or (ii) in between the layers of deposited cementitious filament (Repetitive Sequential Process, RSP). The present paper presents the development of specific equipment required to obtain on-demand functional grading of the printed material. Subsequently, the application of these systems in print trials is shown. The current study focussed on ductility by creating fibre-reinforced 3D printed concrete through both strategies. The mechanical performance of the obtained material has been established through compressive, flexural, and crack-mouth opening displacement tests. To underline the generic nature of the strategies, a trial with lightweight aggregates has also been performed. It was shown that particularly the SP is capable of achieving improvements in ductility and selfweight.
Introduction
The development of additive manufacturing of cementitious materials (AMoC) is rapidly gaining traction, both in terms of scientific research as in in-practice projects. An extensive overview of the developments in the field is given by (Wangler et al. 2019) [the reader may also refer to (Camacho et al. 2018; Tay et al. 2017 ) to obtain an impression of research progress], whereas recent inpractice projects include a pre-stressed bridge 3D concrete printed bridges in the Netherlands ; Material district 2019), highly intricate 3D concrete printed columns by ETH Zurich (Aouf 2019) , prototypes for 3DCP houses (Aouf 2018; Jordahn 2018) and pavilion (Mensley 2017) .
Introduction of this family of digital manufacturing technologies has also enabled the emergence of a new design paradigm for the objects they create, namely on-demand functional grading (OD-FG) of properties by location. It was first introduced by prof. Salet as the 'Colour Printer' for 3DCP, in a key-note address to the 2nd International Conference on Progress in Additive Manufacturing in Singapore and elaborated by (Bos et al. 2016) : considering (i) a print head, through the very nature of the process, builds an object by passing through each point of the object and assuming (ii) the print head is capable of grading the properties of the deposited material during printing, it follows that, within the available material grading range, the object can be designed to meet performance requirements customised by location and manufactured in a continuous and single-stage process. Target performance parameters for functional grading in concrete could be material weight and insulation value, conductivity, selfhealing ability, the introduction of sensors for various monitoring and quality control, and self-cleaning capabilities. A particularly important performance characteristic that could be subjected to functional grading is ductility and tensile strength because the lack of suitable reinforcement methods has been identified as a major obstacle in the development of this technology (Asprone et al. 2018) .
A range of AMoC technologies is currently under development, including stereo-lithography (STL) inspired powder-bed printing (Lowke et al. 2018 ), (adaptive) sliding formwork [e.g. Smart Dynamic Casting (Lloret et al. 2015) ] and selective material deposition by spraying [e.g. Shotcrete 3D Printing, SC3P (Lindemann et al. 2018) ]. Currently, the most common variant is that of extrusionbased layering of filaments, often referred to as 3D concrete printing (3DCP) (Bos et al. 2016) . The current study applies to this technology in particular.
Although the paradigm of functional grading has been introduced to other 3D printing technologies, remains practically untouched from a 3DCP process perspective. Therefore, the current study seeks to present an initial proof-of-concept for OD-FG of printed concrete, primarily aimed at ductility characteristics (in the context of this study to be read as with or without), but on a generic basis for multiple applications, as shown by grading of specimen density.
Functional grading in 3DCP
2.1. Functionally graded materials (FGMs) Functionally Graded Materials are characterised by a gradual transition of properties by location. FGMs result in superior behaviour compared to multi-materials and composites, in which discrete changes between materials, and thus properties, occur (Leung, Mao, and Chen 2018) .
A wide range of material properties can be gradient throughout a material, including density, strength, rigidity, impact resistance, thermal and acoustic insulation, conductivity, etc. In nature, it is a common phenomenon that allows optimised use of materials and thus energy, for instance in bone structures (Audibert et al. 2018) . But the definition can apply to a host of non-related, very different materials, ranging from polymers to metals to ceramics. Likewise, functional grading can be achieved through many different mechanisms, including variations in (chemical) material composition and (micro-) structure. Depending on the mechanism, the geometrical scale over which the grading occurs can thus also vary significantly.
The concept of applying functional gradients in engineering materials was already introduced in the early 1970s (Bever and Duwez 1972; Shen and Bever 1972) , but due to the complexities involved in manufacturing such materials, actual applications only started to be developed from about a decade later.
Additive manufacturing turned out to be a manufacturing concept that, in comparison to other approaches such as forming and subtraction, is relatively wellfitting to produce FGMs, due to its specific nature of localised control over the build-up of objects.
As a consequence, several variants of 3D printing Functionally Graded Materials (FGMs) have now become common. For instance, by using two different base materials of which the proportions can vary from 0-100% to 100-0% for each voxel, Fused Deposition Modelling (FDM) polymer 3D printers have been shown to be capable of producing objects with significantly graded rigidity (Altenhofen et al. 2018; Garland and Fadel 2015) . In powder-bed steel printing, different powders of pure metals or alloys can be used by layer to achieve functional grading (Kirk et al. 2018) . Local Composition Control (LCC) (where composition control refers to the material density, rather than the chemical composition) has also been introduced, particularly to optimise the inside volume of objects printed through powder-bed based 3D printing methods (Cho et al. 2002) . Developments of Functional Grading and Multi-Material Additive Manufacturing (MMAM) are continuing, as shown by (Mohammad et al. 2013) .
However, although FGMs is an established notion in several production industries, this concept has hardly been applied in the construction-oriented concrete industry. Outside the domain of AM, a few studies have reported on cast concrete with graded ductility by locally using (different types of) fibre reinforcement (Shen et al. 2008; Maalej, Ahmed, and Paramasivam 2003; Plückelmann, Song, and Breitenbücher 2017) . But although it was already suggested in (Mohamed and Li 1995) , that this could be an approach to efficient structural concrete element design, the idea never found widespread application, probably due to the complex manufacturing of such members.
With the recent developments in AMoC, though, the concept of FG is likely to achieve more success, as production hurdles are being eliminated. Indeed it has been identified as a future research topic (Tay et al. 2017) and some fledgling examples have been presented. Oxman, Keating, and Tsai (2011) published results on small samples of printed Portland cement in which the density had been graded by controlling the addition of an aluminium and lime powder admixture. Craveiro, Bártolo, and Bártolo (2013) presented a FGM printing concept for the construction industry based on the use of two nozzles for different materials and showed a small sample with two different polyurethanes. Their concept results more in a multi-material composite than a true FGM, but on the scale of a building and required performance grading rate (i.e. performance change over distance), this difference could become irrelevant. More recently, Craveiro et al. (2017) developed a computational tool to design functionally graded building components based on the concept of a wall from concrete mixed with different types and quantities of lightweight aggregates per voxel. This work was purely analytical and computational and did not discuss the actual manufacturing of such graded material. Bao et al. (2018) studied the structural and purification performance of small Engineered Cementitious Composite (ECC) slabs, in which titanium oxide TiO 2 was added to the mixture throughout either the full or part of the slab. The assumption was that such grading could be achieved through extrusion-based concrete printing processes, but in that particular study consecutive manually operated caulk guns, loaded with the two different mixtures, were used. Possibly the most advanced example of actually additively manufactured FGM on building component scale was introduced by Duballet, Gosselin, and Roux (2015) . They presented a fully integrated system for both the digital design and actual manufacturing through extrusion-based filament printing of a cementitious mortar in which polystyrene beads can be mixed at the print head through a screw dosage system, in a volume percentage of up to 100% (pure beads, no mortar). It may thus be clear that, although FG by AM has been an established concept in several manufacturing industries, it has hardly been developed for the construction industry.
3DCP functional grading concept and strategies
Before introducing the applied FG concept and strategies, integration into the continuous printing process should be recognised as an important boundary constraint. To maintain the advantages of 3DCP, the process should not be disrupted by conflicting intermediate or post-processing actions. The applied concepts and strategies were developed with consideration of this requirement.
A generic concept to accomplish functional grading of material properties in concrete is through the addition of solid discrete particles, such as various types of fibres or aggregates. This is a universal principle to create concretes with different properties, although generally in a continuous rather than a graded composition. This approach is similar to those applied by Bao et al. (2018) and Duballet, Gosselin, and Roux (2015) , but expands on it as it aims not to be constrained to the variation of a single type of particle. Alternative concepts could include the addition of gaseous or fluid admixtures (Oxman, Keating, and Tsai 2011) , but are outside the scope of the current study.
In the context of extrusion-based concrete printing as applied in the current study, two strategies are proposed to apply the concept of discrete particle addition. These can be applied independently or jointly:
i Adding particles to the bulk mixture through a second stage mixing process at the printer head with a simultaneous process (Duballet, Gosselin, and Roux 2015) or ii Adding particles in between the layers of deposited cementitious filament with a repetitive sequential process.
The latter strategy is a novel approach enabled by the layering character of the adopted process. This strategy has the distinct advantage that it does not affect the properties of the print mortar itself and does not require complex 2nd stage mixingalthough it does introduce other considerations, as will be discussed in Section 5.2.
Development of 3DCP subsystems
The present study was performed on the 3DCP facility of the [anonymous], extensively described in Bos et al. (2016) , which is based on the layered-extrusion technology pioneered by Khoshnevis with Contour Crafting (Khoshnevis 2004; Khoshnevis et al. 2001 Khoshnevis et al. , 2006 and similar to the set-up used by University of Loughborough (Lim et al. 2012) . One-phase printable mortar Weber 3D 145-2, was used as the base material. As additive particles, Fibraflex FF/15E0 fibres were used to the majority of the study (Fibraflex Brochure, n.d.) and complemented with additional tests with lightweight aggregate.
To achieve either of the suggested strategies required the development of specific equipment capable of three tasks: a delivering the required particles to the (moving) print head in constant quantities, and b (strategy 1, Simultaneous process, SP) mixing the particles into the base material at the print head, and subsequently printing the mixed material, or c (strategy 2, Repetitive sequential process, RPS) depositing the particles onto the printed layers immediately once the layers are printed.
Two subsystems were designed: the Particle Transportation System (PTS) to perform tasks (a) and (c) and the 2nd-stage Particle Addition Device (PAD) for task (b). Figure 1 provides a schematic drawing of the TU/e 3DCP facility with both the new subsystems indicated.
Airborne particle transportation system (PTS)
Both grading strategies require the designated particles to be available at the print head. For the first strategy (of adding particles in the mortar), it would theoretically be possible to apply the particles during the 1 st stage mixing in the mixer-pump outside the print box.
However, this would considerably complicate the print planning as the delay between particle addition and actual deposition at the print head would have to be taken into account. More importantly, though, the linear displacement pump only allows the use of very small particles in the mixture, typically ≤ 2 mm in diameter.
Particles can be made available at the print head by storing them in a local container (Duballet, Gosselin, and Roux 2015) , or by continuously transporting them from a detached reservoir outside the print box to the print head. The former has a distinct advantage that no additional transport mechanism is required but weight and size of such a container is likely to be restricted by the robot payload. Thus, the concept seems unsuitable for large scale continuous processes. The feasibility of a continuous supply system should, therefore, be explored. The lack of such a system instigated the development of the Particle Transportation System (PTS) applied in this project, which needed to fulfil the following requirements:
capable of transporting the desired particles, not interfere with the existing setting of the print facility at [anonymous],
continuously and steadily delivering the particles in their target quantities, adjustable to customise the particle quantities by location.
To achieve this, an airborne system is proposed. The particles are sucked out of a reservoir, transported through a flexible hose and delivered to the print head. Particularly the requirements with regard to freedom of movement and degrees of freedom seem to be hard to achieve with other transport mechanisms such as conveyor belts.
Design
The overall design of airborne PTS is detailed in Figure 4 . The particle reservoir (1) consists of a bucket equipped with a slightly curved bowl at the bottom, placed on a vibrating machine (Figure 2a, 3a) . Two rods sticking through the bottom fix the bucket to the vibrating table and provide a fixture for a steel clamp that fixes the input hose at a predetermined height from the bowl surface. In the current state of development, the particles are added to the bucket by hand. However, this could be automated by applying standard delivery systems. The bowl curvature, in combination with the constant vibrating of both the bucket and the input hose, ensures a rather constant particle flow (i.e. quantity of particles transported per unit time), while clogging is avoided.
The actual transportation is provided by a 2000 watts servomotor (Figure 2 (b)) operated with a steel blower blade (4) (section geometry provided in Figure 2 (c)) that sucks the particles out of the reservoir through the input hose and blows them into the transportation hose. Both hoses are made out of polyurethane reinforced with copper-plated steel spiral, with the input hose having a diameter of 60 mm and the output hose diameter of 50 mm. The transportation hose length is 5 m (to allow sufficient movement of the printer head), while the input hose is approximately 1 m long. The particle flow depends on a number of parameters, including the particle type (size, geometry, weight), bucket vibration frequency, input hose height above the bowl h hose,in , hose characteristics (diameter, material, surface), blade geometry, and the suction force, which in turn is a function of the blade rotation speed. Of these, the bucket vibration frequency and the suction blade rotation speed are readily controllable by adjusting the regulators for power intake in the vibration device and the servomotor (which is equipped with a step-less turning knob), respectively. Optionally, the input hose height may also be adjusted. The other parameters are fixed for this device or the selected particle.
At the end of the transportation hose, a three-way splitter is mounted (shown in figure 4a ). The main function of this part is to reduce the air pressure that is exerted on the print filament or into the PAD. It also reduces the amount of fibres in or onto the concrete (see discussion in subsequent subsection). Only one of the three exit branches of the splitter was used to supply particles. The other two exit branches are emptied into additional reservoirs that can be used to assess the amount of particles inserted into the PAD or between the layers (by averaging their collected quantities).
Selection of fibres and other particles
A test programme was conducted to evaluate the suitability of various fibres and other particles to be transported through the developed airborne-based system. Twenty fibres for structural use purposes obtained from a range of manufacturers, as well as a lightweight aggregate, were assessed on suitability. Initially, it was tested whether the particles could be transported without getting (severely) damaged. Out of the fibres that met both these criteria, a selection was made based on expected structural performance, processability and further practical criteria, to test whether a sufficient and consistent quantity could be transported (further discussed in Subsection 3.1.3). The results are listed in Table 1 .
In this context, damaged was perceived as a visually observable change to the fibre that would be likely to severely limit its structural performance. As the various fibres operate on the basis of different principles, this could entail a number of occurences. In the Dramix 3D fibres, straightening of the end hooks, which govern pull-out resistance, was sometimes observed. For three other types of fibres, the wires unbundled. Approximately 20-40% of all types of Fibraflex fibres experienced limited chopping by the rotor blade. However, this was not directly considered prohibitive as it does not fully eliminate the structural capacity of the fibre. Further capacity performance testing was hence performed on two Fibraflex fibres (a longer FF/20L6, and a shorter FF/15E0), as well as on a Cem-FIL glass fibre.
Capacity testing
Two further trial tests have been performed to assess the transportation capacity and consistency of the PTS. Target particle quantities in concrete are usually expressed in mass-to-volume ratio r m [kg/m 3 ≡ 10 −6 g/mm 3 ] (i.e. as mass of particles to volume of matrix, this expression is commonly applied for steel fibres), or VOL% (most other particles). For the use in concrete printing, the values have to be recalculated into mass per unit time (flow) m ′ particle [g/s], which can be obtained from the print speed v nozzle [mm/s] and nozzle opening A nozzle [mm 2 ] (assuming A nozzle ≈ A filament ), the particle density ρ particle [kg/m 3 ≡ 10 −6 g/mm 3 ], and the target quantities, through either: m ′ particle = v nozzle · A nozzle · r particle · VOL%, or: m ′ particle = v nozzle · A nozzle · r m . The Fibraflex FF/20L6 and FF/15E0 both have a density of ρ = 7.25 × 10 −3 g/mm 3 and a target mass-tovolume ratio r m = 40 × 10 −6 g/mm 3 according to the products' declaration of performance (Declaration of performance n.d.) . This yields m ′ particle = 100 mm/s (40·10) mm 2 · 40 × 10 −6 g/mm 3 = 1.6 g/s. For the Cem-FIL minibars 24 mm (ρ = 2.0 × 10 −3 g/mm 3 ), no specific target quantity is provided by the supplier, but Crack-Mouth Opening Displacement (CMOD) test results are given for r m = 5 × 10 −6 g/mm 3 to r m = 25 × 10 −6 g/mm 3 for the 43 mm version (Cem-fil Minibars data sheet n.d.), which indicate slightly strain hardening behaviour can be obtained with the highest quantity. This corresponds to m ′ particle = 100 mm/s · (40 × 10) mm 2 · 25 × 10 −6 g/mm 3 = 1.0 g/s. A further evaluation of the appropriateness of the given target mass-to-volume ratios falls outside the scope of the current study.
During the trial test, the PTS was operated and the transportation hose was connected to a customdesigned reservoir that allowed air to escape whilst maintaining the fibres. The weight of the output quantity of fibres was measured several times for time intervals of 15, 30, and 60 s, with settings of the power supply ranging from 50 to 300 W, to the servomotor which was registered through a standard wattage metre between motor and the wall socket. It was found that when the blower power is too low (i.e. beneath approximately 100 W), the airflow was insufficient to keep enough fibres airborne. As a result, fibres fell flat in different parts of the PTS. The system became highly dependent on the curvature in the hose and the output was insufficient. On the other hand, when the blower power is increased over a certain limit (for the FF/20L6 fibres around 200 W), too many fibres are sucked in which clogs the PTS, or would likely jam the PAD or cover the complete interlayer surface when applied between filament layers. With a blower power of 150 W, h hose,in = 25 mm, (Figure 3(a) ) and a vibration knob setting of 40 Hz, a relatively consistent flow of m ′ particle ≈ 2.3 ± 0.3 [g/s] was obtained. Although this was above the target quantity, it was not possible to reduce the blower power further for reasons described above.
In a subsequent experiment, the PTS was connected to the print robot and used to move around a rectangular path that was divided into sections (Figure 3(b) ). The transportation hose exit was maintained 200 mm above the print surface, in order to avoid the airflow influencing the (fresh concrete) surface. After the robot had completed the path several times, the fibres in each section were collected and weighed. The test was performed 5 times for each fibre, with different blower power settings. In general, it was found that, probably due to motion effects, the scatter in delivered fibres increases in comparison to the static system testing. However, the overall deposition remained approximately the same with the same system settings.
Considering the trial test results, a splitter was introduced to reduce both fibre quantity and air pressure at the PTS output. Additional tests were performed to verify an equal distribution between each of the outputs of the splitter. The most consistent results were achieved when the splitter is attached vertically (as in the illustrations).
In these series of trail tests, it was furthermore observed that the FF/20L6 (contrary to previous assessment from the fibre selection tests), sustained too much damage. Their use was therefore discontinued in the rest of the study.
3.2. 2nd stage particle addition device (PAD) Figure 4(a) shows an exploded illustration of the complete PAD system, while Figure 4(b) focuses on the mixing-pumping unit of the PAD with the dimension details. The overall system of PAD with PTS is shown in Figure 5 . Essentially, it consists of two chambers: one for mixing (7) and one for transporting (9). The wet mortar enters the vertical mixing chamber from the concrete input connection (6), opposite to which the PTS input is located from which fibres or other particles are inserted. The mortar and particles are mixed by a custom-designed paddle mixer driven by a Beckhoff AM8032-0E10-1000 servomotor. The mixing chamber has an overflow (5), which also serves an air outlet. From the mixing chamber, by gravity and pressure generated by the downward oriented paddle mixer blades, the mixture enters into the horizontal transportation chamber where an Archimedes screw builds the pressure to press the material through the final output pipe to the print nozzle. Like the paddle mixer, the screw is driven by a Beckhoff AM8032-0E10-1000 servomotor. Although the screw cannot generate a high pressure (compared to the linear displacement pump used in the base mixer-pump), it is sufficient to transport the material as the last pipe is only short. Care has to be taken, however, that the internal resistance of the output part remains as low as possible, for instance by avoiding sharp corners and using a smooth piping material. To obtain a constant and sufficient material flow, several settings have to be carefully tuned: the water inlet and pump frequency of the base mixer-pump, the paddle mixer and screw pump frequencies of the PAD, and the print head speed. In the [anonymous] 3DCP facility, the print head speed and mixer-pump settings are controlled by the central Sinumerik operating software. The PAD servomotor settings can be adjusted stepless from 0 to 540 rpm (revolutions per minute) through a touch screen interface connected to the operating system in a control box outside the print box. The system settings have to be tuned for each mortar/particle mixture.
Design
The PAD system is mounted on an aluminium plate, which in turn is fixed to the vertical arm of the 3DCP gantry robot. The concrete and PTS hoses can then be connected to the appropriate inlets. In the current state of development, particularly to avoid excessive friction in the output part, the default print head with rotating rectangular nozzle is not used. Rather an open round pipe of diameter d = 35 mm serves as print nozzle. By using a round nozzle, the need for it to rotate tangential to the print path is obviated, thus significantly reducing the mechanical complexity of the outlet part.
Integrated system testing
The PAD was assessed by stepwise testing of the device, initially without additional particles and without output piping. Subsequently, an output hose was added but replaced with a smoother pipe due to friction-induced blockages. Finally, the operability of the full system with both the PTS and the PAD was tested successfully with FF/15E0 fibres. The primary observation was the necessity to increase the water-to-binder ratio in the mortar from 0.15 to 0.17, in order to maintain the workability once the fibres are added. Table 2 lists the deducted system settings.
Experimental evaluation of functional grading with SP: in the bulk material
The developed equipment was used with the TU/e 3DCP facility to explore the ODFG strategy of adding particles to the bulk print mortar. Fibre-reinforced concrete was printed with two different types of fibres, and mechanically tested. To show the versatility of the system, an additional experiment was performed with lightweight aggregates. The achievable variations in overall density were recorded. Hence, it was shown that the PTS-PAD system can be used to achieve grading of different performance characteristics (in this case, the material density and ductility).
Methods
Rectangular objects were printed using the PTS-PAD system with the [anonymous] 3DCP facility. Weber 3D 145-2 print mortar was used as the matrix material. Three different particles were added: Fibraflex FF15E0 high-strength steel fibres, Cem-FIL minibars 24 mm alkali resistant glass fibres, and Liaver 4-8 mm expanded glass light weight aggregates (Liaver balls Brochure n.d.). The addition of light weight aggregate was steadily reduced in two steps to obtain three levels of density. For reference, specimens without additional particles were also produced, as were (for some cases) cast specimens. Cast specimens were produced by collecting material directly from the print nozzle opening into standard moulds. Further settings, including the water-to-mortar ratio, were adjusted to ensure operability of the system and printability of the particle enhanced mortar. Table 3 lists the applied settings for each of the fibre types, as well as for the lightweight aggregate. After printing, the objects were cut into large pieces and covered in foil. After one day of curing under foil, the pieces were removed from the print bed and sawn into specimens of a nominal size of 40 × 40 × 40 mm 3 or 40 × 40 × 160 mm 3 , depending on the type of experiment. They were further cured in water until the day of testing.
Cast and printed specimens without and with Fibraflex FF15E0 high-strength steel fibres were subjected to 3 mechanical tests: compressive cube strength, flexural bending test and crack-mouth opening displacement (CMOD). The printed specimens were tested in two directions, namely directions I (parallel to the print direction) and III (vertically perpendicular to print direction, as defined by (Wolfs, Bos, and Salet 2019) . Printed specimens with Cem-FIL minibars 24 mm glass fibres were subjected CMOD testing, in direction I. Printed specimens with Liaver (5-15) mm diameter expanded glass light weight aggregate, as well as all other specimens were measured and weighed to determine their density. By adding these aggregates to the mixture, the density of the material can be changed over the length of the print path. In order to quantify this the weight of the specimen printed with light-weight aggregates is compared to that of plain concrete and fibre-reinforced concrete.
The compressive tests were performed according to NEN-EN 12390-3 (NEN-EN 12390-3:2009 EN 2009 ) on an Automax compression bench from Controls, at a rate of 960 N/s (load-controlled). The flexural tests were performed as 3-point bending tests according to NEN-EN 196-1, on the same bench, at a rate of 50 N/s (load-controlled). The CMOD tests were performed according to NEN-EN 14651 (NEN-EN 14651:2005 EN 2005 ) but on scaled down specimens (Bos, Bosco, and Salet 2019) have extensively argued this is allowable. The loading rate was controlled by the crack mouth opening, at 0.05 mm/min until a CMOD of 0.1 mm is reached and at 0.2 mm/min until the end of the test (either specimen fracture or when a CMOD of 4.1 mm was reached).
Results and discussion

Compressive strength
The average results of the compressive test are listed in Table 4 and shown in Figure 6a . The performance of the cast specimens is almost identical to results reported by Wolfs, Bos, and Salet (2019) , while the performance of the printed specimens is slightly better. The addition of fibres seems to cause a minor decrease in strength for the cast specimens. In the print specimens, a modest increase in strength is foundmost notably in the direction I specimens, which can be explained by the fact that the fibres are oriented in the direction of the complementary tensile forces perpendicular to the compression due to the filament flow during printing.
Flexural strength
The average results of the flexural test are listed in Table  5 . In comparison to Wolfs, Bos, and Salet (2019) , the performance of the cast specimens was inferior. This could be due to fact that these specimens were not compacted by vibration. The printed specimens, on the other hand, perform slightly better, which may be attributed to unidentified process variations. The addition of fibres improves the performance of all series, but the strength increase is the least in the printed specimens in direction III, as the fibre orientation is generally perpendicular to the tensile stresses. For the printed specimens in direction I, the average strengths increases most, by 31%, due to favourable fibre alignment. Table 6 gives an overview of the results of the CMOD tests. Besides the cracking strength f t , it indicates the scaled CMOD values (Bos, Bosco, and Salet 2019) , and the classification of residual strength according to the fib Model Code 2010 (International Federation for Structural Concrete (fib), 2013) (based on scaled values). The flexural stress was calculated through s = 3Fl 2bh 2 sp , as indicated by the EN 14651. Figure 7a provides a comparison of average stress-CMOD curves for FF15E0 fibrereinforced concrete under different orientations, whereas Figure 7b provides a comparison of average stress-CMOD curves in direction I for two different fibres (FF15E0 and CEM-FIL minibar 24 mm fibres), and without fibre.
Ductility (CMOD)
In the CMOD test, specimens printed without fibres, cast with FF15E0 fibres, and printed with FF15E0 fibres both in directions I and III all showed lower cracking strengths than in the flexural tests. This is the result of peak stresses around the tip of the notch. This effect seems to be strongest in the printed specimens in direction III with FF15E0 fibres. The notch is situated exactly in the layer interface, which may be more sensitive to peak stresses than the bulk material.
As expected, this series (printed, FF15E0 fibre, direction III) barely shows any residual strength due to the fact that the fibres do not bridge the layer interface. Nevertheless, the failure behaviour is slightly less brittle than that of the printed specimens without fibres (direction I) (cf. f R1*0.27 values). The cause is difficult to identify.
Possibly the presence of fibres around the fracture surface nevertheless increase the resistance.
The series printed in direction I with FF15E0 fibres clearly performs better than both the printed specimens in direction III and then the cast specimens. For these specimens, the fibres are oriented in the favourable direction, which results both in a higher crack strength, and a higher post-peak behaviour. At f R1*0.27 a considerably residual strength of 3.70 MPa is left. However, at f R3*0.27 only 0.90 MPa remains. This is due to the failure mode of the fibres. Rather than failing by pull-out, they fail by breakage. This is enabled by the high ratio of surface to cross-sectional area, which results in a relatively strong bond between the fibre and the matrix. Although the overall performance is decidedly less brittle than that of the printed specimens without fibres (direction I), or the printed specimens with FF15E0 fibres in direction III, the residual strength still reduces too swiftly to allow a classification according to the fib Model Code 2010 ('<a').
The performance of the printed specimens with Cem-FIL fibres is pointedly different. The glass fibres do not significantly increase the cracking strength but do result in a considerable increase in ductility (cf. f R1*0.27 ≈ f R3*0.27 ), resulting in a classification 'c'. Contrary to the FF15E0 fibres, the Cem-FIL specimens fail by fibre pull-out, rather than fibre breakage which is much more abrupt.
From showing that the developed method allows printing of reasonably ductile fibre-reinforced mortar, as well as brittle unreinforced mortar, it may be concluded that the application of this OD-FG strategy with the use of the PTS and PAD devices is promising to grade structural strength and ductility (in direction I) by location. It also shows the possibility to influence the structural behaviour by adding different kinds of fibres.
Density
A rectangular object was printed, as shown in Figure 8 . Initially, the PTS and PAD devices were set to achieve a maximum addition of lightweight aggregates. In two steps, the particle addition was decreased to 0, by reducing the power supply to the blower motor of the PTS (see also Figure 2(b) ). Thus, specimens 1-3 The average densities of specimen series are given in Table 7 . The top part of the table shows densities of normal weight specimen series, while the bottom part shows the results of the step-wise experiment with the lightweight aggregates. The table shows that the influence of fibres on the specimen weight is negligible. The expanded glass aggregate, on the other hand, noticeably reduces the overall density, as a function of the quantity of aggregate that is added. At the maximum, an average reduction of 14.3% was obtained compared to printed concrete in direction I without particles. In the intermediate setting, this reduced to a 7.1% reduction. At the final setting, the difference obviously disappeared entirely as no lightweight aggregate was applied anymore. Photographs of the samples (Figure 9 (a-h)) clearly show the decreasing quantity of aggregates, which corresponds with an increasing average density.
Experimental evaluation of functional grading with (RPS): in between the layers
Methods
The second grading strategy was applied by depositing fibres in between layers of printed filament. A trial tested showed that the Fibraflex FF15E0 fibre disastrously reduced the bond between filament layers, due to its relatively large surface area (Figure 10(b,c) ). Therefore the experiment was conducted with Cem-FIL Minibars 24 mm fibres only, as it was the only remaining fibre type to meet all requirements. Using the PTS, the fibres were transported to the print head, but rather than injecting them into the PAD, the splitter exit was connected to a short pipe held by a clamp that maintained its position 150 mm in front of the nozzle and 250 mm above the previously printed surface ( Figure  10(a) ). The lack of rotation capacity of the fibre depositing pipe means that at this stage of development, the strategy can only be applied to straight print paths. The settings detailed in Section 4.1 were used, except for the water/mortar ratio which for this process was kept at 0.15 (which is default water/mortar ratio for [anonymous] setup) because sprinkling fibres on top of the printed layers does not affect the workability of the printed concrete.
As no earlier data on the mechanical performance of mortars with layer-wise fibre reinforcement exist, a target fibre quantity was difficult to formulate from a structural performance perspective. Integrating quantities from in-bulk fibre-reinforced mortar to a quantity per surface area results in amounts that could not be transported with the PTS system, and would furthermore likely cause serious reductions of the perpendicular interface strength. Therefore, the transportable quantity from the PTS was considered as a given and a first indication of the performance that would be achievable. On average, this corresponded with 1.2 VOL% of fibres with the current filament dimensions. Unlike the SP, the orientation of the fibres for this strategy of printing were random in XY direction, due to the sprinkling of fibres. If some fibres got overlapped on to one another it did not have any major influence in the printed layers during the printing process. However, some fibre types got collected in front of the nozzle ( Figure 10(d) ) after a period of printing. The CEM Fil fibres were least prone to this effect.
The ductility of the printed specimens, with this strategy is validated by performing CMOD tests on the specimens prepared as described in Section 4.1. Table 8 gives an overview of the results of the CMOD test. The average cracking strength is somewhat low compared to the results presented in Section 4.2.3. On average, the post-peak strength is insufficient to warrant a classification according to the fib Model Code 2010. However, with a relative standard deviation of 70%, the scatter in results in very high. This is due to the variation in the number of fibres found in the fracture surface, ranging from 6 to 0. Thus the results are equally widespread, with hardly any ductility for specimen #8, but f R3*0.27 > f R1*0.27 for specimen #1. In cases where there are fibres, the ductility achieved is considerablebetter than for the specimens with FF15E0 fibres produced according to the SP (strategy 1, Section 4.2.3). This is due to the failure behaviour of the fibres. The residual strength of printed specimens applying the RSP (this strategy) could be improved by increasing the layer width-to-height ratio.
Results and discussion
Summary and conclusions
Two strategies were presented to achieve functional grading in extrusion-layering 3D concrete printing. The first is based on the selective addition of particles (fibres, aggregates, etc.) to the print mortar in a 2ndstage mixing process at the print head. The second is based on the addition of particles in between the layers of printed concrete. The designs of two devices as addition to an existing 3D concrete printing facility with which the strategies can be realised were discussed. The Particle Transportation System (PTS) is an airborne system to continuously transport discrete particles to the print head, which is used in both strategies. The Particle Addition Device (PAD) is a 2nd-stage mixing device attached to the print head, specifically for use with strategy 1.
Trials were performed to develop the equipment and test operability. Subsequently, specimens were printed according to strategies 1 and 2 with different fibres and a lightweight aggregate, and subsequently (mechanically) tested to provide a proof-of-concept that the developed equipment could achieve meaningful functional performance differences in printed concrete.
The trials showed that an airborne system is suitable to transport a variety of particles to the print head, including fibres and lightweight aggregates. Calibration per particle type remains necessary and alignment of the transported particle quantity with the required quantity at printer head need to be improved. The developed mixing system (PAD) is also compatible with the current 3D concrete printing facility. Test trials showed that in general a homogeneous distribution of particles is found at the printer nozzle. Also for this system, it is necessary to calibrate the settings per particle type, this is because the type and quantity highly affects the workability of the material and thus the required settings of the system.
Applying strategy 1 in combination with the appropriate type of fibre can result in promising improvements in ductility. With further optimisations of the technology, pseudo-elasto-plastic failure behaviour in direction I (direction of printing) may be achieved. Further improvements to the technology seem necessary to achieve meaningful weight reductions through the addition of lightweight aggregates (i.e. the system should be capable to add a higher VOL% of aggregates). Figure 11 . Average results from the CMOD tests comparing results for plain concrete vs CEM FIL minibars 24 mm fibres with SP (using PTS+PAD) vs CEM FIL minibars 24 mm fibres with RSP process (using PTS).
To achieve post-fracture ductility in 3D printed concrete, Cem-FIL minibars 24 mm glass fibres perform significantly better than Fibraflex FF15E0 steel fibres, due to their failure mode (pull-out versus breakage). Out of all the test conducted for both the system, only CMOD test with CEM FIL minibar 24 mm can be compared for both the production processas shown in Figure 11 .
Although the second strategy has the distinct advantage that no additional aggregates have to be added to the print mortar, it is difficult to achieve relevant increases in ductility with fibres as this needs a considerable amount of fibres in the interlayer surface (limited by bond reduction between layers) as well as an even distribution (to avoid failures at the weakest link).
